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We studied the thermal diffusion behavior for binary aqueous solutions of glucose, maltotriose, maltohexaose, pullulan, and
dextran by means of thermal diffusion forced Rayleigh scattering (TDFRS). The investigated saccharides with molar masses
between 0.180 and 440 kg/mol were studied in the temperature range between 15 and 55C. The thermal diffusion coefficient DT
and the Soret coefficient ST of all solutions increase with increasing temperature. For maltohexaose and the polymers the thermal
diffusion coefficient changes sign from negative to positive with increasing temperature, whereas glucose and maltotriose show
only positive values in the entire investigated temperature range. While we were able to find a master curve to describe the
temperature dependence of DT, we were no able to find a similar expression for ST. This comprehensive study allows for the first
time the determination of the interaction parameters for the polymer and the solvent within the theoretical framework suggested
by Wu¨rger [Phys. Rev. Lett., 2009, 102, 078302].
1 Introduction
The diffusion of fluid mixtures has been studied extensively
by experiments, theories, and computer simulations.1,2 For
a binary system under isothermal condition, the diffusion of
the solute molecules can be driven by a composition gradient
well-known as Fick’s law. Brownian motion is the origin of
the fluctuation of molecules which results in the diffusion of
solute molecules. The diffusion coefficient of a polymer in so-
lution is usually determined by dynamic light scattering3 and
is related to the friction of the solute by the Stokes-Einstein
relationship as
D(T ) =
kBT
6piηr ; (1)
where r is the radius of the solute and η is the solvent vis-
cosity. In the case of polymers the hydrodynamic radius Rh is
used instead of r.4 This equation indicates the temperature de-
pendence of the diffusion coefficient D(T ) relates to the prod-
uct of the temperature T and the temperature dependence of
the viscosity η (T ). On the other hand the diffusion coefficient
D of polymers is related to the number of monomers N by D
∝ N ν where the exponent ν depends on the chain expansion
due to segment-solvent interactions.
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For mixtures subjected to a temperature gradient at a con-
stant pressure, one observes a diffusion current of the solute
as a nonisothermal effect.5 This is known as thermal diffusion
or Ludwig-Soret effect which leads to the formation of a con-
centration gradient.6–8 In the case of a binary mixture, the flux
of the solute J is phenomenologically described by the sum of
two driving forces ∇w and ∇T as5
J = ρD∇w ρw(1 w)DT∇T: (2)
Here, w and ρ denote the solute weight fraction and the den-
sity of the solution, respectively. D and DT are the mutual dif-
fusion coefficient and the thermal diffusion coefficient, respec-
tively. In a steady state where the mass flow vanishes (J=0),
the concentration gradient is given by
∇w = STw(1 w)∇T: (3)
Here, ST (= DT=D) is the Soret coefficient. The sign of the
Soret coefficient indicates the direction of the flux of the so-
lute. The positive sign of ST means that the solute migrates to
the cold side.9 In general for organic solutions of polymers,
the polymers move to the cold side due to their heavier mass
and larger size in comparison with the solvent molecules.10–13
Due to the difficulty of nonisothermal condition, there are
fewer experimental studies on the thermal diffusion coefficient
DT and the Soret coefficient ST compared to measurements
of the mutual diffusion coefficient D. Especially, for aque-
ous solutions of biopolymers the number of publications is
small, although the contributions of the Ludwig-Soret effect
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to biological processes are of general interest. Recently, the
Ludwig-Soret effect of DNAs, proteins, and polysaccharides
has been studied systematically.14–19 One of the characteris-
tics of the biopolymers is a sign inversion of DT and ST as a
function of temperature.19 Typically, the sign of DT and ST
is negative at lower temperatures, and the sign changes from
negative to positive with increasing temperature. The negative
sign means the polymers migrate to the hot side of the fluid.
Only for the water soluble poly(N-isopropylacrylamide) [PNI-
PAM] in alcohols has a negative slope of ST (T ) and DT (T )
with temperature has been found. For these systems a sign
inversion from positive to negative with increasing tempera-
ture is observed,20,21 while the Soret coefficient of PNiPAM
in water is always positive.22 Piazza and co-authors suggested
an empirical equation as follows14,23,24
ST(T ) = S∞T

1  exp

Tinv T
T0

(4)
to describe the temperature dependence of ST. Here, S∞T rep-
resents a saturation value of ST at high temperature, Tinv is the
temperature where ST changes the sign, and T0 indicates the
strength of temperature effects. This rather universal behavior
holds for various systems not only for colloidal suspensions
but also for water soluble polymers19. Recently, Piazza and
co-authors reported a scaled temperature dependence of ST for
colloidal systems as follows,25
ST
 
˜T

S∞T
= 1  expA 1  ˜T : (5)
Here, ˜T is defined as ˜T = T=Tinv and A is a dimensionless
parameter as A = Tinv=T0. Although the physical meaning of
the parameter A is still an open question, it is considered that
the equation describes a universal behavior of the temperature
dependence of ST for colloidal systems. It is of great interest to
study whether the same scaling behavior holds also for other
systems. Thus, the first aim of this contribution is to study
the temperature dependence of the Soret coefficient for binary
systems composed of mono-, oligo-, and polysaccharides as
solute in water and to extend the recent studies by Blanco et
al26,27.
Further we study the temperature dependence of the Soret
coefficient ST,22,28–31 and the thermal diffusion coefficient
DT to compare it with other aqueous systems. Experimen-
tal data show an increasing DT with increasing temperature
for biopolymers and water-soluble synthetic polymers.19. The
slope of DT versus temperature seems to be linear, although
the slope and the sign inversion temperature depend on the
systems.
Another purpose of the paper is to study the thermal diffu-
sion as function of the molecular weight at different tempera-
tures. We cover a molecular weight range from the monomer
with 0.180 kg/mol up to polymers with 440 kg/mol. Recently,
Stadelmaier and Ko¨hler reported a crossover behavior of the
Ludwig-Soret effect for systems of polystyrene [PS] in vari-
ous solvents as function of molecular weight.32 They revealed
that DT is scaled by the solvent viscosity η , and ηDT does not
depend on the molecular weight nor on the solvent quality in
the molecular weight range of PS chains longer than the Kuhn
segment length, whereas it depends on the solvent for shorter
chains. This crossover behavior is predicted by the simulation
work of Zhang and Mu¨ller-Plathe.33 The simulation work was
supported by an experimental study of very flexible glycols
in ethanol, where DT reaches already a constant value after 2
repeating units.34
Recently, Wu¨rger studied the molecular weight dependence
of the thermal diffusion behavior theoretically.35,36 He finds
that the thermal diffusion coefficient depends on the radius of
gyration RG given by the scaling law R= ` Nν = µ Mν , with
the degree of polymerization N and the scaling exponent ν , the
radius a of the single bead (monomer), the dynamic viscosity
η , a numerical constant κ , the thermal expansion coefficient
β =  (1=c)  dc=dT and the energies εp and εs of the bead
forming the polymer and the solvent, respectively.
DT
DmaxT
= 1  ψ
Mν
(6)
with
ψ =

εs
εp
+
(εs  εp)
(βεpT )

6pia
κµ (7)
He showed that the balance of the interactions between seg-
ment and solvent can give rise to a negative thermal diffusion
coefficient in the low molecular weight regime, whereas for
high molecular weights the thermal diffusion coefficient is in-
dependent of the molecular weight. When the interaction po-
tential of the solvent εs is larger than that of the solute εp, a
negative DT is observed in the low molecular weight regime.
This theory describes the experimental results of PS solutions
well32,37, where it is shown that the long-range hydrodynamic
interactions dominate the Brownian diffusion, while they are
not important for thermal diffusion. This last point is in con-
tradiction to the results for colloids, where hydrodynamic in-
teractions are important for both diffusion processes.38,39 It
is interesting to investigate, whether Wu¨rger’s results hold
also for polar polymers such as the aqueous polymer solutions
which have a negative thermal diffusion coefficient.
In this report the Ludwig-Soret effect of binary aqueous
solutions of monosaccharide, oligosaccharide, and polysac-
charide was studied by means of thermal diffusion forced
Rayleigh scattering (TDFRS) as a function of temperature.
The monosaccharide used in this study is D-glucose (Glc,
M=180.2 g mol 1). Here, glucose is the basic constituent for
all other samples. As oligosaccharides, maltotriose and mal-
tohexaose are used. Maltotriose is composed of α-D-(1!4)-
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linked glucose [Glc(α 1-4)Glc(α 1-4)Glc, M=504.4 g mol 1].
Maltohexaose is also composed of α-D-(1!4)-linked glucose
[Glc(α 1-4)Glc(α 1-4)Glc(α 1-4)Glc(α 1-4)Glc(α 1-4)Glc,
M=990.9 g mol 1]. The polysaccharides are pullulan and dex-
tran which have been well characterized in water.40–42 Pullu-
lan is composed of α-D-(1!6) liked maltotriose. Dextran is
composed of α-D-(1!6)-linked glucose with some short α-
D-(1!3)-linked glucose branching units. It is considered that
the series of these saccharides is a good choice to study the
Ludwig-Soret effect in regard to the molecular weight depen-
dence from the monomer to high molecular weight polymers,
because the regularity of the glycosidic bonds of solutes is
changed in a systematic manner.
2 Experimental
Materials. Glucose, maltotriose, and maltohexaose were pur-
chased from Wako Chemical and are used as received. Pullu-
lan (Hayashibara Co.) was purified three times by a methanol
precipitation from aqueous solution and dextran (Polymer
Standard Service) was also purified.43 The weight averaged
molecular weights shown in this report for pullulan are 4.2 and
440 kg mol 1 and for dextran is 86.7 kg mol 1.18,19 Distilled
and deionized water (milli-Q) was used as solvent. For TD-
FRS measurements a small amount of the dye, Basantol Gelb
(BASF), was used to create the temperature gradient.44 The
concentration of the aqueous solutions of monosaccharide,
oligosaccharides and pullulan(4k) was 10.0 gL 1. The data
of dextran and pullulan(440k) included from previous publi-
cations were measured at the concentration of 5.0 gL 1.18,19
Methods. The Soret coefficient ST, the thermal diffusion coef-
ficient DT, and the mutual diffusion coefficient D are obtained
by the thermal diffusion forced Rayleigh scattering (TDFRS)
method. The details of the TDFRS have been described else-
where.45,46 The TDFRS measurements were carried out in a
temperature range from 15 to 55C. The temperature of the
sample cell was controlled by circulating water from a ther-
mostat bath with an uncertainty of 0.02C. The sample solu-
tions were filtered directly into the optical quartz cell with 0.2
mm path length (Hellma) through 0.22 µm membrane filter
(Millipore).
The normalized heterodyne signal intensity of TDFRS ex-
periments, ζhet(t), to the thermal signal is related to the Soret
coefficient ST and mutual diffusion coefficient D as follows:
ζhet (t)= 1+
 ∂n
∂T
 1
p;w
 ∂n
∂w

p;T
STw(1 w)

1  exp( Dq2t) :
(8)
Here, t is the time, n the index of refraction, q the scattering
vector, (∂n=∂T )p;w and (∂n=∂w)p;T are the refractive index
increments with temperature and weight fraction. (∂n=∂T )p;w
Fig. 1 (Color online) Soret coefficient ST, thermal diffusion
coefficient DT, and mutual diffusion coefficient D for aqueous
solutions of glucose(), maltotriose (-blue), maltohexaose
(-purple), pullulan-4k (N-red), dextran (-cyan)18, and
pullulan-440k (4-olive) 19. The curves in ST are fitted one using
Eq. 4, and in DT and D the lines are obtained with linear regression.
ST of dextran and pullulan(440k) is only shown in the inset.
and (∂n=∂w)p;T must be determined separately. A scanning
Michelson interferometer operating at a wavelength of 632.8
nm is used.47
3 Results and discussion
Figure 1 shows the Soret coefficient ST, the thermal diffusion
coefficient DT, and the mutual diffusion coefficient D, as
function of temperature, for 10.0 gL 1 aqueous solutions of
glucose, maltotriose, maltohexaose, and pullulan(4k), and for
5.0 gL 1 aqueous solutions of dextran and pullulan(440k).
Earlier studies18,19 showed that the concentration effect on
the thermal diffusion behavior is small in this concentration
range, so that the experimental results for the different con-
centrations can be compared. The curves in the plot of ST are
obtained by a nonlinear least-square fit using Eq. 4, and the
lines in the plot of DT and D are obtained by linear regression,
which at first glance seem to describe the data sufficiently
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well. Later we will see that a non-linear equation to describe
the temperature dependence of DT similar to Eq. 4 gives more
consistent results. The obtained parameters Tinv, S∞T , and T0
in Eq. 4 are summarized in Table 1. All samples show an
increase of ST, DT, and D with increasing temperature. ST and
DT of glucose and maltotriose in water have a positive sign
in the investigated temperature range, though it is expected
that the sign change takes place at lower temperatures. For
all other systems ST and DT change their sign from negative
to positive with increasing temperature in the investigated
temperature range. The sign change temperature increases
with increasing the molecular weight of saccharides. The
magnitude and the slope of ST for polymers are apparently
larger than that of glucose and oligosaccharides. Contrary,
the magnitude and the slope of DT for polymers become
smaller with increasing the molecular weight. The diffusion
coefficient D increases linearly on the semi-logarithmic plot
with increasing temperature for all samples in the investigated
temperature. The plots of D as function of the inverse of
absolute temperature (Arrhenius plot, data not shown) show
linear lines for all of samples with the activation energies
between 17 kJ mol 1 and 31 kJ mol 1.19 Here, the activation
energy shows no apparent correlation with the molecular
weight because the activation energy might also depend on
branching effects and other conformational changes between
the monomer, oligomer and polymer. On the other hand, the
temperature dependence of the thermal diffusion coefficient
DT clearly shows that the slope decreases with increasing
molecular weight as shown in Fig. 1. The temperature and
the molecular weight effect will be discussed in detail below.
3.1 Temperature effect for Soret coefficient
The results of the temperature dependence of the Soret coef-
ficient ST (T ) were described well by Eq. 4 for all samples as
shown in Fig. 1. The saturation value of S∞T and the sign inver-
sion temperature Tinv tend to have larger magnitudes for solute
molecules with a larger molecular weight. Recently, Vigolo et.
al. reported the temperature dependence of ST (T ) for the sys-
tems of SDS micelles in NaCl and NaOH aqueous solutions.25
They revealed that the scaled Soret coefficient ST
 
˜T

=S∞T lies
nicely on a single master curve when the ST
 
˜T

=S∞T is plotted
against the normalized temperature ˜T (= T /Tinv). The mas-
ter curve is described by the function of Eq. 5. We follow
the same route investigating the temperature dependence of
ST
 
˜T

=S∞T for the binary systems of saccharide in water.
Figure 2 shows the ST
 
˜T

=S∞T as a function of ˜T for all sac-
charide solutions. The bold curve is obtained by a nonlinear
least-square fit with Eq. 5 using all data points and the pa-
rameter A(= Tinv=T0) in Eq. 5 was obtained as A = 5:50:4.
Here,  denotes one standard deviation. The thinner curves
Fig. 2 The normalized Soret coefficient ST
 
˜T

=S∞T as a function of
T=Tinv. The solid curve is obtained by a fitting using Eq. 5 for all
data points. Symbols have the same meaning as in Fig. 1.
are obtained for each sample. The obtained parameter A is
summarized in Table 1. The result indicates that there is no
clear master curve for all saccharide solutions. In the case of
the SDS micelle systems, the dimension less parameter A was
reported as A ' 16 where the Soret coefficients of SDS mi-
celles are scaled well in the presence and absence of salt. For
a suspension of fd-virus A = 15 and 6:6 had been found, de-
pending on the concentration.48 In this study for aqueous so-
lutions of saccharides with a broad molecular weight range we
do not find a muster curve to describe the temperature depen-
dence of the normalized Soret coefficients. One of the reasons
is that scaling concepts for the diffusion coefficient hold only
for the polymer range and fail in the oligomer and monomer
range. Additionally the temperature variation of molecular in-
teractions between solute and solvents needs to be taken into
account.
3.2 Temperature influence on thermal diffusion coeffi-
cient
The thermal diffusion coefficient DT increases linearly with
increasing temperature for all samples (c.f. Fig. 1) and the
sign inversion temperature of DT must be identical with the
sign inversion temperature Tinv of ST because of the defini-
tion of ST=DT/D. However, it is found that the sign inver-
sion temperatures determined using ST with Eq. 4 do not agree
with the sign inversion temperature using a linear regression
to describe the temperature dependence of DT. The deviations
become larger with increasing molecular weight of the sam-
ples. This result indicates that the temperature dependence of
DT (T ) is nonlinear. One possible attempt would be to com-
bine the theoretical description of the diffusion coefficient by
Eyring and combine it with the empirical approach by Piazza,
but this would lead to a sum of two exponentials and four
4 j 1–8
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Fig. 3 Thermal diffusion coefficient DT as function of temperature
T . Here, the curves are obtained by a fitting using Eq. 9. Symbols
have the same meaning as in Fig. 1.
adjustable parameters, which can not be determined reliably.
Therefore, we express DT (T ) by the following equation,
DT (T ) = DT0

1  exp

∆T
T1

: (9)
Here, DT0 represents the minimum DT value, T1 is an indica-
tor of the strength of the temperature effect and ∆T = Tinv T
is the distance to the sign inversion temperature Tinv also de-
termined from the temperature dependence of the Soret co-
efficient. This equation for DT (T ) has the same form as
Eq. 4. Figure 3 shows the DT (T ) as a function of tempera-
ture with the fitted curves which are obtained by a nonlinear
least-square fit using Eq. 9. Here, we fixed Tinv to the value
obtained for the Soret coefficient and treated DT0 and T1 as
adjustable parameters. The obtained values are summarized
in Table 1.
The temperature dependence of DT is described well
by the fitting curve. To study the temperature effect on
DT in more detail, we plotted DT (T ) as a function of ∆T
(=Tinv T ) as shown in Fig. 4. It is found that all DT values
fall on a single master curve. The solid curve in Fig. 4 is
obtained by a nonlinear least-square fit to all data points
using Eq. 9. The parameters DT0 and T1 are obtained as
DT0=( 4:780:91)10 12m2s 1K 1 and T1=59.89.2 K, re-
spectively. In contrast to the Soret coefficient the mass or the
size effect cancels out, so that we find a single master curve for
DT for all investigated saccharides when it is plotted against
∆T . The result indicates that the curvature of DT against
temperature is not affected by the mass and the size of solute
molecules, although the temperature dependence of ST is
apparently associated with the size and the mass of the solutes.
Fig. 4 Thermal diffusion coefficient DT as function of temperature
difference ∆T for all saccharide solutions. Symbols have the same
meaning as in Fig. 1. The curve is obtained by a nonlinear
least-square fit according to Eq. 9.
Fig. 5 Molecular weight dependence of Soret coefficient ST
obtained at 15, 25, 35, and 45C. Curves are drawn to guide the eye.
3.3 Molecular weight dependence
The molecular weight dependence of the Soret coefficients ST
at the selected temperatures of 15, 25, 35, and 45 C are shown
in Fig. 5. The sign inversion of ST from positive to nega-
tive shifts towards lower temperatures with increasing molec-
ular weight. The magnitude of the negative ST value becomes
larger with increasing molecular weight, which is mainly due
to the consequence of ST=DT=D where D has the form of D ∝
N ν . The lines in Fig. 5 are guides to the eye, because there is
no theoretical expression available which describes the molec-
ular weight dependence of the Soret coefficient ST.
In contrast we can use Eq. 6 to describe the molecular
weight dependence of the thermal diffusion coefficients DT
at the selected temperature 15, 25, 35, and 45 C as a func-
tion of molecular weight as shown in Fig. 6. The resulting
ψ-parameters as function of temperature are shown in the in-
1–8 j 5
Page 5 of 21 Physical Chemistry Chemical Physics
Fig. 6 Molecular weight dependence of thermal diffusion
coefficient DT at 15, 25, 35, and 45C. Lines are fits according to
Eq. 6.The inset shows the determined ψ parameter as function of
temperature. The dashed line is a fit with an adjustable thermal
expansion coefficient β , while the solid line describes a fit with the
experimentally determined β -values for water.
set of Fig. 6. Beside some numerical constants ψ (c.f. Eq. 7)
depends on the thermal expansion coefficient β , the energies
εp;εs of the polymer bead and the solvent, respectively. The
dashed line is a fit with an adjustable thermal expansion coef-
ficient β , while the solid line represents a fit, where β has been
fixed to the experimentally observed thermal expansion coef-
ficient of water49. It needs to be pointed out that the energy
ratio of εs=εp changes only slightly from 0.96 to 0.97 depend-
ing on an adjustable or fixed β , respectively. In the case of the
organic mixtures the ratio of εs=εp is larger than 1, resulting in
an increasing thermal diffusion coefficient. It would be desir-
able to have also temperature and molecular weight dependent
studies for organic polymers to regard the ratio of the interac-
tion energies in this case. It is expected that the temperature is
less pronounced compared to the polar systems.
So far there are only a few molecular weight dependent
studies for aqueous systems.27,34,50 The studies of aqueous
saccharide solutions are limited to the oligomer range and
have not been analyzed in detail. On the other hand, for non-
polar polymers in organic solvents the molecular weight de-
pendence of the thermal diffusion coefficient has been studied
in a number of publications.12,33,37,51 For PS in various sol-
vents the thermal diffusion coefficient is independent of the
molecular weight in the high mass regime, where the sign of
the thermal diffusion coefficient is positive.32,37 The thermal
diffusion coefficient scales with the inverse of the viscosity
and the value of ηDT is constant in the high molecular mass
regime and even independent of the solvent. On the other
hand, it decreases approaching the oligomer and monomer
range, and sometimes even shows negative values in some sol-
vents. The molecular weight dependence of the PS solutions
Fig. 7 Molecular weight dependence of thermal diffusion
coefficient normalized by the inverse of viscosity ηDT at 15, 25, 35,
and 45C. Curves are fitted results according to Eq. 6.
is inverted compared to this study for saccharides in water,
where the sign of the thermal diffusion coefficient of saccha-
rides is negative in the high mass regime and becomes more
positive with decreasing molecular mass as shown in Fig. 7.
Here, the water viscosity is used to calculate ηDT and the fig-
ure shows that ηDT depends apparently on temperature, which
has not been investigated for organic polymers. It might be in-
teresting to notice that ηDT has a dimension as force per tem-
perature. The negative sign of DT at high molecular weight
can be explained qualitatively by the expression of Wu¨rger
with a ratio of εs=εp smaller than one. But here further tem-
perature and concentration dependent studies are necessary to
gain a better understanding of the thermal diffusion behavior
of aqueous solutions.
In aqueous solutions, especially at low temperatures, inter-
actions via hydrogen bonds dominate the thermal diffusion be-
havior. At higher temperatures the strength of hydrogen bonds
in the system is weakened, so that entropic contributions be-
come more important which leads often to an ordinal behavior
of the thermal diffusion, i.e., positive sign of ST and DT. As
has been shown the impact of hydrogen bonds on the thermal
diffusion behavior can not only be weakened by increasing
the temperature, but also by adding a component like urea,
which weakens the hydrogen bonds of the water soluble poly-
mer.19 As shown in Figs. 6 and 7 the thermal diffusion be-
havior changes sign with increasing molecular weight, which
could be reproduced by the theoretical approach of Wu¨rger
by modifying the ratio of interaction energies of the segments
and the solvents. In general negative Soret coefficients are
found under a poor solvent conditions.34,52,53. Here, the solu-
bility of the solute molecules plays an important role. While
for instance glycol has a positive Soret coefficient in ethanol,
negative ST-values are observed for diglycol and triglycol in
ethanol and higher glycol oligomers are not soluble at all. The
6 j 1–8
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solution of pullulan in DMSO, where DMSO is polar and an
aprotic solvent, shows only positive values of DT and ST.19.
So that we assume at least two key roles; the effects of hydro-
gen bonds network and of a low solubility, which can lead to
negative Soret and thermal diffusion coefficient at lower tem-
peratures and high molar masses in aqueous saccharide solu-
tions.
4 Conclusions
For the binary systems of mono-, oligo-, and poly- saccharide
in water, the temperature dependences of the Soret coefficient
ST and the thermal diffusion coefficient DT have been studied.
The sign inversion behavior of the Soret coefficient ST (T )
lies not on a master curve proposed by Piazza and coauthors
as ST
 
˜T

=S∞T vs. ˜T = T=Tinv. Contrary, the temperature
dependence of the thermal diffusion coefficient DT (T ) falls
on a single curve on the plot of DT (T ) vs. ∆T = Tinv   T .
Moreover, it is found that the temperature dependence of
DT (T ) is nonlinear in the investigated temperature range.
The plots of molecular weight dependence show that the DT
tends to saturate at a negative value for high molecular weight
polymers, whereas it increases with lowering the molecular
weight and changes the sign from negative to positive. The
molecular weight dependence is upside down compared to the
observed behavior for PS solutions, but it agrees with findings
for aqueous solutions of water.34 The molecular weight
dependence of DT can be described by a theoretical model by
Wu¨rger, whereas the ratio of the interaction energies εs=εp
smaller than one, while in the same model leads to a ratio
larger than one for PS systems. This discrepancy between PS
systems and aqueous saccharide solutions may be attributed to
the effect of the interactions through hydrogen bonds, where
the hydrogen bonds network in the system play a significant
role for the thermal diffusion. To understand the molecular
mechanism of this behavior, the temperature dependence
of the segment-solvent interactions on their thermodynamic
quantities needs to be taken into account.
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Reviewer(s)' Comments to Author: 
Referee: 1 
Comments to the Author 
This paper reports on the temperature and molecular-weight dependencies of the Soret effect of 
polymers in aqueous solution. Part of the results on the temperature dependence have been 
reported in earlier articles by these groups, yet most of the data are novel.  
 
The paper is rather well written and provides a good introduction. I recommend publication yet 
suggest that the authors consider the following remark: 
 
It is useful that in several figures, the authors compare the temperature dependence of the Einstein 
coefficient, the thermal diffusion coefficient, and the Soret coefficient. This presentation gives 
evidence for the existence of two independent temperature effects. The discussion of these curves, 
however, is a bit less satisfactory.  
 
First of all, we would like to thank for the comments and suggestions by Referee 1.   
According to the comments we added a discussion regarding to the temperature influence on the 
mutual diffusion, the thermal diffusion, and the Soret coefficient in Results and Discussion section.  
 
The T-dependence of the Einstein coefficient is rather well understood in terms of Eyring's model for 
the dynamical viscosity. On the other hand, the Soret coefficient is independent of the viscosity; its 
temperature variation hints at a subtle property of thermal diffusion. These two effects are 
superposed in the temperature variation of DT=D*ST.  
 
We agree with Referee 1 that the mutual diffusion coefficient is well understood in comparison with 
the thermal diffusion that we have emphasized in the introduction. In the manuscript we have added 
a discussion about the temperature dependence of DT, D, and ST. We checked the Eyring model for 
our measurements and found reasonable agreement. 
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Following the argumentation of the referee, he might suggest to combine the theoretical derived 
expression by Eyring and the empirical equation by Piazza in the following way 
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Using this expression would lead to four adjustable parameters and due to the weak temperature 
dependence it will not be possible to determine them all. Therefore, we limited our discussion Eq. 9, 
but we discuss in the text that such a approach can be considered.  
Additionally, we added one figure where we discuss the effect of the viscosity based of the 
arguments of recent experimental results on DT as a function of the molecular weight (of 
polystyrene) as shown in the last figure of manuscript.  
 
The fit of ST with Piazza's formula (4) highlights the importance of this law even if its physical 
meaning is not clear. One may suspect that it is related to the thermal expansion coefficient of water. 
In view of the above arguement, the fit of DT with (9) is much less convincing. Alternatively the 
authors could fit the Einstein coefficient with Eyring's process, D=D0 exp(-E/T), where E is an 
activation energy. I strongly suggest the authors discuss the T-dependence of D and DT according 
these lines.  
 
It was confirmed that the mutual diffusion coefficient D of all samples studied in the report shows a 
linear relation when it is plotted against 1/T. The results are discussed in the manuscript. On the 
other hand, the thermal diffusion coefficient DT follows not the Eyring’s equation. DT has negative 
values and changes sign with temperature, but even in the range of positive values of DT, it does not 
follow an Arrhenius behavior.  
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Referee: 2 
Comments to the Author 
The authors present the intriguing finding of thermal diffusion in the binary systems of mono-, oligo-, 
and poly- saccharide in water. Specifically, they found a master curve exist for thermal diffusion 
coefficient, but not valid for Soret coefficient. The molecular weight dependence is also studied in 
this work. The conclusion is interesting and suitable for the readers of PCCP. However, I have 
questions for their fitting process. I cannot suggest a publication until I am convinced that their fitting 
results are reliable. 
 
In fig 2, maltotriose is very different with glucose and maltohexaose although its MW is also low. 
When authors fit the data in fig 1 using eq. 4, do they leave all three parameters (Tinv, S(infinity) and 
T0) free? If this is the case, I cannot trust the fitting results since those fittings are really not that 
sensitive. You can get very different fitting results even with slightly different data.  
 
See above figure, red line I used the same parameters as authors used. For blue line, I used Tinv with 
12.67, S(infinity) with 0.008, T0 with 31.49. See how close they are! I have no idea what is the error 
bar of ST in figure 1, but you can see two fitting lines are almost the same. Using my parameters, the 
A is around 9. Then maltotriose could have similar master curve as glucose and maltohexaose in 
figure 2, which is completely different with authors’ results. If there are no restrictions of fitting 
parameters, I cannot be convinced by any fitting in this manuscript. If the error bars of ST are 
relatively large, then the fitting is more meaningless without restrictions. 
 
We would like to thank for the comments of referee 2.  As mentioned below we carried out some 
variations for fitting procedures and we think the revised manuscript became better due to the 
referee’s comments. 
 
We modified the top figure in Fig 1, so that the ST values of glucose and oligomers are easier to see 
in the graph. Now the inset shows all of data points of ST and the normal size figure shows the ST 
values of glucose and oligomers. So we exchanged inset and normal figure. Here, error bars have 
been added on data points of glucose. The error bars are very similar in the other systems, so we 
have left them out for clarity. As can been seen the size of error bars is within the symbol size.  
 
We carried out the fitting of ST using Eq. (4) with several trial procedures as follows:  
1.  Nonlinear least square fit was tried with several sets of initial trial values. 
2. We tried to use a constrained fit by fixing the T0 or Tinv at the value obtained in the other systems. 
3. We tried some weighted fits with errors and an unweighted fit. 
4. We tried to judge the relative deviation from the fit on figures to take into account a systematic 
deviation. 
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5. We obtained final fitting values with a chi-square judgment. We tried to find the fitting result 
where the chi-square value was around 1. 
 
As the result of the fitting procedures, the parameters have changed slightly, but results are the 
same principally. Also we modified table by adding the error values of the fitted parameters as 
shown in Table 1. 
  
As pointed out by the referee the fitting procedure is somehow controversial, especially for the data 
like the glucose and the maltotriose as in this study.  This point has been added to Results and 
Discussion. 
 
There are also some other problems. The experimental part is too simple. Authors used 5g/L solution 
in their previous paper, this paper used 10 g/L. Any concentration dependence? Some typos 
 
Regarding to the experimental parts, the details of experimental method have been already 
published and which are cited, then we do not want to repeat experimental details. The 
concentration measured in this study is 10g/L. The referred data of high molecular weight 
polysaccharides (dextran and pullulan-440k) were measured at 5g/L.  In the concentration range, we 
have studied several concentrations in dextran (Biomacromolecules 7 , 435 (2006)), PEO (JCP 118, 
8073 (2003)), and PNiPAM (JCP 121, 9140 (2004)), but did not see a large effect on the thermal 
diffusion behavior. Probably below 10 % not much is happening. This point is added in the text in 
Experimental section and Results and Discussion section. 
 
We did our best to eliminate typos. 
 
Page 13 of 21 Physical Chemistry Chemical Physics
The thermal diffusion coefficients of saccharides in water fall on a single curve when they 
are plotted as a function of T (=Tinv-T). 
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